Introduction
As the trend in requirements of electronic packaging is toward higher I/O, greater performance, higher density, and lighter weight, the use of area array packaging technology is expected to increase. The type of packaging, such as ball grid array (BGA), chip scale package (CSP), and Flip Chip, provides the ultimate in high I/O-density and count with superior electrical performance, and very small size. The mechanical properties of solder joint are recognized as one of the critical factors that determine their reliability and lifetime [1] [2] [3] [4] [5] . During soldering, the formation of intermetallic compounds (IMCs) at solder/substrate interface is inevitable and ensures a good metallurgical bond. However, during storage and field service, the growth of IMCs will influence the strength of solder joints and result in mechanical failure of the joints [6 -10] . Our recent research result shows that the fatigue lifetime of solder joint decreases linearly with the increasing square root of IMCs layer thickness [11] . Since the intermetallic is responsible for the solder joint failures, attention has to be paid to the effect of IMCs growth on the lifetime and reliability of microelectronic assemblies. This paper discusses the Ni-Sn/Cu-Sn IMCs layer growth kinetics in the joint soldered on plated Au/Ni FR-4 printed circuit board (PCB), which is one of the most commonly used substrate for fine pitch area array packaging. The kinetic model describing and predicting the IMC thickness can be used to estimate the solder joint reliability and lifetime, according the relationship of the IMC thickness with vibration fatigue failure and cyclic bend fatigue.
Experimental Procedures
In this experiment, the chip scale package CSP46-T.75 with Sn/Pb-eutectic solder ball was placed and soldered on FR-4 printed circuit boards using a high-speed flexible mounter (CASIO YCM-5500V) and a 5-zone N 2 reflow oven (BTU VIP-70N), respectively. The assemblies were reflowed using a the temperature profile which was optimized in our previous work (see Fig. 1 ) [12] . A schematic configuration of the CSP assembly is shown in Fig. 2 . The component metallization pad is 18m electroless deposit copper, and 1m gold (no nickel). The PCB pads are of copper of 105m thickness, plated with 15m of nickel and a less than 0.1m gold flash, which is commonly used in fine pitch area array packages. Samples were then aged isothermally in oven at 80, 120, 150, and 160°C, respectively, with different periods of 0, 1, 4, 9, 16, 25, and 36 days. Specimens are cross-sectioned through solder www.elsevier.com/locate/scriptamat joints to observe metallographic features. The mean thickness of the intermetallic layer was measured by using a powerful image processing system, OPTIMAS, together with a Nikon optical microscope. The mean of 10 readings was taken at different locations on each of the three solders. The microstructural details of the IMC layer were observed by using a Scanning electron microscope (Philips XL40) and X-ray diffraction (Philips X' Pert system).
Results

A. Structure Analysis
The SEM micrographs of solder joint are shown in Fig. 3 . Here, Fig. 3 (A) and (B) displays the microstructure (IMCs) at the interface between bulk solder and PCB pad of nickel deposit (Ni-Sn interface), Fig. 3 (C) and (D) exhibit the microstructure (IMCs) at interface between bulk solder and component metallization of copper (Cu-Sn interface). Energy dispersive X-ray (EDX) and color mapping were used to characterize the element inter-diffusion at the interface. The results show gold element was distributed uniformly in solder, because the gold coating is thinner than 1m on both PCB pad and component metallization. Our previous research result had shown the intermetallic at Cu-Sn interface as Cu 3 Sn/Cu 6 Sn 5 [13] , as shown in Fig. 3 (C) and (D). At Ni-Sn interface, there are also Ni-Sn IMCs layer whose thickness is about 1/4 of that of the Cu-Sn IMCs layer before ageing (see Fig. 3 (A) ), and the peaky/spiky intermetallic became smooth/thick shape after ageing (see Fig. 3 (B) ).
An X-ray diffractometer (Philips X'pert) was employed to investigate the microstructure of the IMC layer at the Ni-Sn interface. X-ray diffraction data of the Ni-Sn interface was shown in Fig. 4 , which [14] . The Ni 3 Sn 4 is the chief component of the Ni-Sn IMCs layer, and is more brittle and with a larger volume shrinkage than Cu-Sn IMCs [10] . In summary, both Cu-Sn IMCs and Ni-Sn IMCs were formed at Cu-Sn and Ni-Sn interfaces respectively, and should influence the reliability of solder joint, especially Ni 3 Sn 4 . It is an important issue to know clearly the kinetics of the IMCs growth to estimate solder joint reliability. 
B. IMC Thickness Measurements
According to the measured results using a powerful image processing system together with a optical microscope, the relationships between the mean volume of IMC layer thickness and aging time are summarized and plotted in Fig. 5-6 . The results demonstrate Ni-Sn IMCs, mainly Ni3Sn4 should growth quickly with increasing ageing temperature, so to become as main factor resulting in solder failure. However, the Ni-Sn IMC layer is very thin and grows slowly under the usual storage temperature, the effect of Cu-Sn intermetallic on joint is main rather than Ni-Sn IMC. This is reason tu0410 why the vibration failure of solder joint occurs often in Cu-Sn interface [11] .
Kinetics of the IMCs growth and Discussion
A. Model of IMCs Growth
The IMC growth in solder joints is an ordinary diffusion growth and should be controlled by inter-diffusion of the metallization and solder elements [15] . The IMC layer growth kinetics were assumed to be described by the time power law and an Arrhenius temperature factor [14, 16] :
where x is the layer thickness (mm) at time, t (s); x 0 is the initial layer thickness (mm), under the optimal reflow profile [12] x 0 ϭ 0.244 ϫ 10 Ϫ3 mm for Ni-Sn IMC and ϭ 0.9869 ϫ 10 Ϫ3 mm for Cu-Sn; n is the power law exponent; Q is the apparent activation energy (J/mol); R is the universal gas constant (8.314 J/molϪ°K); T is the temperature (°K); and A is a constant (units of mm-s -n ). The data were analyzed by a multivariable, linear regression analysis of (1), placed in the following format: The two independent variables are ln(t) and 1/T; the dependent variable is the quantity, ln(x Ϫ x 0 ). From the linear multivariable regression analysis of the measured thickness data in Fig. 5ϳ6 as applied to equation (2), the growth kinetics of the Cu-Sn/Ni-Sn IMC layer were assessed. The values of the pre-exponential constant (A), the time exponent (n), and the apparent activation energy (Q) are obtained and listed in following Table 1 . The complex correlation coefficients of both IMCs are listed in Table  1 , and are nearly 1. It is indicated that the equation (1) is appropriate to describe IMC growth with time and temperature, and the regression analysis results are believable. The results show that the n values of both IMC layer (see Table 1 ) is near 1 ⁄2, which is an evidence of the growth mechanism controlled by diffusion [14] . In fact, as seen from equation (1), the activation energy can in a sense reflect the situation of the grain-boundary diffusion for atoms species like Ni, Cu and Sn [14] . The results in Table  1 show that the activation energy value of the Ni-Sn IMC growth is 1.5 times as large as that of the growth of Cu-Sn one. It means that the Ni and Sn have to get over larger energy barrier than Cu and Sn for the formation of IMCs through grain-boundary diffusion. Therefore, the growth rate of Ni-Sn IMC is slower than that of Cu-Sn IMC. According to regression analysis in Table 1 , the growth kinetics form of Eq. (1), based upon the data table, is expressed as Eq. (3) 
B. Application of Growth Kinetics on Reliability
The IMC growth model Eq.3ϳ4 can be applied to predict the total thickness of IMC formed in solder joint on Au/Ni substrate. The effect of IMC thickness on the solder reliability was revealed by using some testing in the previous research works [11, 12] , i.e., the fatigue test of vibration and cyclic bending. 2.5m thick, the lifetime of solder joints will decrease to about 1/3 of the original figure. In the start duration of ageing time, i.e. below 16 days, it is found that most of the fatigue failure occur at Cu-Sn IMC layer (see Fig. 8 (a) ). In fact, the Cu-Sn IMCs grow thicker than the Ni-Sn IMC (see Fig. 5-6 ) and it is more easy to initiate cracks at the thick Cu-Sn IMCs due to the brittle behavior of thick IMCs. However, it is interesting to note from Fig. 8 /RT), and x(mm) ϭ 0.244 ϫ 10 Ϫ3 Ϯ 1.85 t 0.463 exp(Ϫ45.4 ϫ 10 3 /RT) respectively. The temperature that the assembly experiences is main factor inducing intermetallic layer thicken. The estimation of the IMCs layer thickness with above equations can be used to predict the solder joint reliability. The 0.6m thick Ni-Sn IMC or 2.5m thick Cu-Sn IMC should decrease the solder joint lifetime about 2/3.
